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013.08.0Abstract In this study, Formulae were developed for rehabilitated weirs (i.e., combined weirs and
oriﬁces, weirs with 1 or 2 pipes in their bodies). Several sites of the existing rehabilitated weirs in
El-Fayoum were visited. During the visits, measurements were undertaken (i.e., discharge, velocity,
and water levels) before and after the rehabilitation of weirs. The measurements were analyzed and
used as input data for model SOBEK. The model was calibrated and veriﬁed against ﬁeld data. For-
mulae were developed from the data measurements. Moreover, two Formulae were developed,
based on the model results for weirs with 1 or 2 pipes. These Formulae were validated against ﬁeld
measurements.
The developed weir Formulae related the parameters, deﬁning the weir with the pipe dimensions,
and the discharge. These Formulae would assist engineers in designing the modiﬁcation required to
develop the existing weirs in order to increase the discharge.
ª 2013 Production and hosting by Elsevier B.V. on behalf of Faculty of Engineering, Alexandria
University.1. Introduction
Weirs are the simplest hydraulic structures that have been used
for centuries by hydraulic engineers for regulation of ﬂow
depth, ﬂow measurements, energy dissipation, ﬂow, and ﬂow
diversion [1,2]. Weirs have many types (i.e., Fayoum weir,
Sharp-crested weir, Rectangular weir, Broad-crested weir, Ogee
weir, Narrow-crested weir, Ordinary weir, and submerged89539.
om
lty of Engineering, Alexandria
g by Elsevier
ng by Elsevier B.V. on behalf of F
01weir). Weirs are overﬂow structures for measuring discharge
and controlling ﬂow in open channels [3]. Gates and pipes are
also considered as measuring and controlling ﬂow devices.
Gates and weirs have been used extensively for ﬂow control
and discharge measurement in open channel.
In terms of the importance of increasing the discharge, this
research was done to sufﬁce the expected water demands. The
research objective is to increase the weir discharge without
increasing the water head above it. This could be achieved
by opening the two pipes to increase the discharge.
The investigation phases are presented in this paper under
the following headlines:
 Reviewing the literature.
 Site visits and description of the study area.
 Setting the research objectives.aculty of Engineering, Alexandria University.
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 Analyzing the measurements.
 Modeling using SOBEK.
 Establishing Formulae and verifying them.2. Reviewing the literature
Literature, in the ﬁeld of hydraulic structures, was reviewed. It
was found that many efforts, concerning the use of sluice gates
as a discharge measurement, were achieved by many research-
ers (i.e., [4–8]).
 [9] Developed a generalized discharge equation for sluice
gates based on Henry’s curves. Providing a top opening
for the gate allows simultaneous underﬂow and overﬂow
conditions.
 Regarding the ﬂow over weirs, many efforts were reported
in the literature (i.e., [10–14]).
 The speciﬁcations and the proper installation of weirs for
ﬂow measurements are discussed by [15,16].
 Problems concerning sedimentation and depositions are
minimized by combined weirs and gates as outlined by [17].
3. Site visits and description of the study area
The study area was visited several times. During the visits, data
were collected, measurements were undertaken, observations
were documented, and photos were captured.
Based on these visits, the study area could be described, as
follows:
 Baher Hassan Wassef (Hassan Wassef Canal) is 13.8 km
long and is located in AL Fayoum governorate.
 The designed bed width of the canal is 16.0 m with a bed
slope of 10 cm/km.Road Level 
Flow Direction
Crest Level (24.60)
Upstream Water Level (25.80)
Floor Level (21.15) D = 0.75 m
Figure 1 Hassan Was The canal bed level is 21.50 m +MSL at its start and is
19.70 m +MSL at its end. The canal is regulated by Alla-
houn Barrage.
 Fayoum Type weir was constructed downstream the bar-
rage at a distance of 0.80 km to measure the discharge pass-
ing through the canal.
 The crest level is 24.60 m +MSL with designed upstream
and downstream maximum water levels of
25.80 m +MSL and 24.50 m +MSL, respectively, with a
water head of 1.20 m. Fig. 1 presents the longitudinal bed
proﬁle and the dimensions of the weir.
 The purpose of this weir is to control the ﬂow and to main-
tain the stability of the upstream canal cross sections.
 There are two pipes with diameter of 0.75 m inside the weir.
These pipes were designed to empty the upstream reach for
maintenance purposes. On the other hand, these pipes could
allow the discharge to pass during low ﬂows.
 The weir was designed to supply 130,000 feddan with irriga-
tion water. The irrigated area is expected to increase to
150,000 Feddan.
4. Setting the study objectives
This study was initiated in order to develop Formulae for reha-
bilitated weirs (modiﬁed weirs with 1 or 2 pipes in their bodies
to allow more water to pass). These Formulae would assist
engineers in the design process. A methodology was thus de-
signed to fulﬁll the study objectives.
5. Field measurements
Field measurements were carried out along Hassan Wasef Ca-
nal prior to the pipe operation, as follows:
 A hydrographical survey, for a total distance of 13.80 km,
was executed (66 cross sections, 200 m apart, along the
canal).Two gated pipes 
(27.00)
Downstream Water Level (24.50)
ef weir dimensions.
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discharge were measured at the weir location during 1 year.
 Water levels and the corresponding discharge along the
canal (from the head regulator till the end) were measured.6. Analyzing the measurements
The measurements prior to the pipe operation were analyzed
from which the following were obtained:
6.1. Discharge equation
From the measured upstream and downstream water levels,
the discharges were calculated and plotted, Fig. 2. From this
ﬁgure, it was clear that the maximum recorded water head over
the weir is 1.16 m and the corresponding discharge is 41.50 m3/
s.
Also, from these data, the discharge coefﬁcient of the weir
was determined. According to [18], the discharge equation of
the Fayoum Type weir is:
Q ¼ 2
3
CdB
ﬃﬃﬃﬃﬃ
2g
p
H
3
2 ¼ CBHn ð1Þ
in which Q is the discharge passing over the weir [L3/s], Cd the
discharge coefﬁcient [], B the crest length of the weir [L], H
the head difference between upstream water level and weir
crest level [L], and C is equal to Cd multiplied by the square
root of the 2g [L].
The value of C could be determined if the value of n was
considered to be 1.50. Using the measured discharge and head
over the weir crest, the value of C was determined. It was
found that C and Cd are equal to 2.06 and 0.7, respectively.
The standard deviations of the calculated average value of C
and its coefﬁcient of variation were found to be equal to
0.04 and 0.12, respectively. These are acceptable values, from
the engineering point of view, and are indicators to the accu-
racy of the ﬁeld measurements.
It is also worthy to mention that the value of C in the liter-
ature for Fayoum Type weir varies between 1.65 and 2.0 [18].
Compared to the values in the literature, the value of Cd
varies between 0.56 and 0.72. The reason for the obtained high
values of C and Cd is due to the fact that the ﬂow head on the
weir is higher than the designed value.
Using the above values for C and n, the discharge equation
could be written as follows:10
15
20
25
30
35
40
45
0.6 0.7 0.8 0.9 1.0 1.1 1.2
H, Water depth above the weir crest (m)
Q,
 D
isc
ha
rg
e (
m3
/s)
Figure 2 Measured discharge and water head over the weir crest.Q ¼ 2:06BH1:5 ð2Þ
The value of C and n could also be determined, by using the
logarithmic relationship between the measured discharge (Q)
and the head (H) over weir. These values could be determined
using the regression analysis. This resulted in a value of C to be
2.1 and n to be 1.92. In this case, the equation could be written
as follow:
Q ¼ 2:1BH1:92 ð3Þ
Fig. 3 shows the relation between the discharge and the
head over weir for the measured and calculated data, using
Eq. (3). The results indicated that Eq. (3) gives better values
for the calculated discharge with an error percentage varying
between 1.42% and 3.25%.
6.1. Canal bed roughness
The roughness coefﬁcient was calculated using the measured
ﬁeld data and manning formula. The results showed that the
average value of manning roughness coefﬁcient (n) is 0.0275.
This value is within the known range of the natural earth
canals [19].
7. Modeling using SOBEK
The study area was modeled using a 1-D mathematical model
(SOBEK-channel) to determine the discharge of the 2-piped
weir. SOBEK-channel ﬂow [20] is an one-dimensional model
that was developed by Delft Hydraulics. It is a tool based on
knowledge and experience gained from many rivers and estuar-
ies in the world. SOBEK can be used for ﬂood forecasting,
navigation, optimizing drainage systems, controlling irrigation
systems, reservoir operation, sewer overﬂow design, ground
water level control, river morphology regulation, and water
quality control. The integrated approach also means that
SOBEK can combine river systems, urban systems, and rural
systems for a total water management solution.
This section is devoted to display the model schematization,
calibration, veriﬁcation, and application.
7.1. Model schematization
A mathematical model of the study area was developed to sim-
ulate 13.8 km from Al-ahoun regulator to the end of the canal.Figure 3 The relation between the discharge and the over weir
head for the measured data and calculated using Eq. (3).
Flow direction
Downstream
Boundary
Weir
Location
Upstream
Boundary
Figure 4 Model layout.
766 A.M. El-BelasyThe simulations have been carried out using the following ﬁeld
measurements:
 36 Measuring cross sections.
 Weir dimensions.
 All off-takes
 Water levels and discharges along the canal, Fig. 4.7.2. Model calibration
The model calibration was carried out using the measured dis-
charges and corresponding water levels. The boundary condi-
tions that were used, during calibration, is as follows:
 The passing discharge from the head regulator is 26.95 m3/s.
 The water level downstream the head regulator is 25.62 m.
 The water level at the end of the canal is 23.18 m.23.0
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Figure 5 Model calibration.Fig. 5 shows the water surface proﬁle, obtained from the
model and from measurements, along the canal during the cal-
ibration phase. The roughness coefﬁcient of the study area,
during calibration, was determined to be 0.0275.
7.3. Model simulations
The model was run using different discharges in order to pre-
dict the discharge of the 1 piped and 2 piped weirs. From the
model simulations, the discharge and the water depth above
the weir were obtained.
Fig. 6 represents the computed results of the cases 1 and 2
piped weirs, respectively. It was found that the maximum dis-
charge of the weir without pipes is 43.60 m3/s at a level of
25.80 m (H= 1.20), while the discharge was 44.65 m3/s when
1 pipe was operated, at the same water level and increased to
45.70 m3/s, in case of operating 2 pipes.10
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Figure 6 Relation between the discharges and the head above
the weir crest (1 and 2-piped weir).
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The computed head, above the weir, and the corresponding
discharges in case of using a 1-piped weir was used to deter-
mine the coefﬁcient of the weir Formula.
The values of C and nweir were computed in the same man-
ner (as in the case of a no pipes-weir).
They were ﬁrst calculated by considering the value of nweir
to be 1.50 and the computed discharge and head over the weir
crest were used to evaluate the value of C.
It was found that the C value is equal to 2.14 and Cd value
is equal to 0.72. The standard deviation of the calculated aver-
age value of C is equal to 0.08, and its coefﬁcient of variation is
equal to 0.03. These values are considered to be acceptable.
Using the above values for C and n, the discharge equation
was obtained to be as follows:
Q ¼ 2:14BH1:5 ð4ÞFigure 7 Relation between water depth above the weir crest and
discharge calculated by model and using Eq. (5), 1-piped weir.
Figure 8 Relation between water depth above the weir crest and
discharge calculated by model and using Eq. (7), 2-piped weir.
Table 1 Measured discharges and heads over the 2-piped weirs.
Head above the weir (m) Discharge (m3/s)
Measured Predicted from m
0.675 17.49 17.98
1.020 34.20 35.30
1.150 41.12 42.70Then, they were secondly calculated by using the logarith-
mic relationship between the discharge (Q) and the head over
the weir (H). Applying the regression analysis, the values were
found to be 2.19 and 1.72, for C and nweir, respectively. The
obtained equation is given below.
Q ¼ 2:14BH1:72 ð5Þ
The results indicated that Eq. (5) gives better values for the
calculated discharge with a percentage of error that ranges
between 0.54% and 0.32%. Fig. 7 shows the relation between
the discharge and the head over the weir based on measure-
ments and computations using Eq. (5).8.1. Established Formulae for 2-piped weirs
The model results, Fig. 8, for 2-piped weirs were used in the
Formulae establishment. The values of C and n were com-
puted in the same manner. The value of n was ﬁrst considered
to be 1.50 and the measured discharge and head over the crest
of the weir. It was found that the value of C was 2.24 and the
value of Cd was 0.76. The standard deviation of the calculated
average value of C is equal to 0.05 and its coefﬁcient of varia-
tion is equal to 0.02. Also, the value of Cd in the literature var-
ies between 0.56 and 0.72. The discharge Formula could be
written as follows:
Q ¼ 2:24BH1:5 ð6Þ
The value of n was, secondly, computed using the logarith-
mic relationship between the measured discharge (Q) and the
Head over the weir (H). By regression analysis, the values were
found to be 2.28 and 1.63 for C and n, respectively. The estab-
lished Formulae could be written as follow:
Q ¼ 2:28BH1:63 ð7Þ
The results indicated that Eq. (7) gives better values with a
percentage of error varying between 0.05% and 2.5%. Fig. 8
represents the relation between the discharge and the head
over the weir of the measured and calculated values using
Eq. (7).8.2. Verifying the Formulae of the 2-piped weirs
The head over the weir and the discharges through the 2 pipes
were measured 3 times and are listed in Table 1. These values
were used to verify the established Formulae of the 2-piped
weirs. The discharges were computed using model and Eq.
(7) and were compared to the measured values, at the same
water levels where an acceptable error ranging between 2.8%
and 3.8% was found for the predicted values by the model
and ranges between 3.9% and 4.40% for predicted by Eq. (6).Error %
odel Predicted by Eq. (7) Model Eq. (7)
18.00 2.80 2.90
35.32 3.20 3.28
42.95 3.80 4.40
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From the above investigation, the following conclusions were
reached:
 Formulae, for discharge prediction over the no-pipes, 1-
piped and 2-piped weirs, were developed. The established
Formulae for the 2-piped were veriﬁed against measure-
ments where an error percentage that ranged between
2.9% and 4.4% was determined. On the other hand, the
established Formulae for the discharge over the weir with
no-pipes were veriﬁed against measurements where an error
percentage that ranged between 1.42% and 3.25% was
determined. These Formulae would be most probably assist
engineers to design piped-weirs.
 These piped weirs are expected to allow more discharge to
sufﬁce the extra water demands. This was seen through
the present investigation, as follows:
 The 1-piped weir increased the discharge by 1.05 m3/s at
a water head of 1.20 m
 The 2-piped weir increased the discharge by 2.10 m3/s at
a water head of 1.20 m The values of C and Cd of the established Formulae for the
weir with no-pipes weir were found to be within the range
mentioned in the literature. On the other hand, the C and
Cd values, of the established Formulae for the 1-piped
and 2-piped weirs, were found to be higher than the values
of the no-pipes weir.
 It is recommended to develop Formulae for weirs with dif-
ferent numbers of pipes with different diameters. This could
be achieved by using a physical model. It is also recom-
mended to conduct ﬁeld measurements for the 1-piped weirs
to verify the established Formula.
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